Activation cross-sections of longer-lived products of proton induced nuclear reactions on dysprosium were measured up to 36 MeV by using stacked foil irradiation technique and γ-spectrometry. We report for the first time experimental cross-sections for the formation of the radionuclides 162m Ho, 
Introduction
A research program is running to study activation cross-sections of proton and deuteron induced reactions mainly for practical applications and to test the presently used theoretical nuclear reaction codes. From a detailed study of the literature it was recognized that data on rare earth elements in most cases are missing. It is well known that many rare earth radionuclides are used in medicine for diagnostic (PET) and, in a larger proportion, for therapeutic (radiopharmaceuticals and brachytherapy) purposes. In the frame of this systematic study we have investigated the activation cross-sections induced by protons and deuterons on natural dysprosium targets. The part of the study specifically devoted to production of 161 Ho, a candidate therapeutic radioisotope, was published separately (Tárkányi et al., 2013a ). Here we report on the complete set of activation cross-section data induced by proton irradiation of dysprosium. No earlier experimental data were found in the literature. * Corresponding author: ditroi@atomki.hu
Experiment and data evaluation
The general characteristics and procedures for irradiation, activity assessment and data evaluation (including estimation of uncertainties) were similar as in many of our earlier works (Takács et al., 2011; Tárkányi et al., 2012) . The main experimental parameters and the methods of data evaluation for the present study are summarized in Table 1 (Andersen and Ziegler, 1977; Bonardi, 1987; Canberra, 2000; Dityuk et al., 1998; Herman et al., 2007; International-Bureau-ofWeights-and-Measures, 1993; Kinsey et al., 1997; Koning and Rochman, 2012; Pritychenko and Sonzogni, 2003; Székely, 1985; Tárkányi et al., 1991 Tárkányi et al., , 2001 ). The used decay data are collected in Table 2 . For beam current and beam energy monitoring and for energy degradation Ti foils were incorporated downstream of each dysprosium foils in the stack. All monitor foil data were considered simultaneously in order to obtain the beam current and beam energy in each target foil by comparison with the IAEA recommended monitor data (Tárkányi et al., 2001 ). The measured cross-sections of the monitor reaction and the recommended data are shown in Fig. 1 . 
Results and discussion

Cross-sections
The measured cross-sections for the production of 162m Ho, Table. 2. The holmium reaction products are produced only through (p,xn) reactions, the dysprosium products directly via (p,pxn) reactions and through the decay of holmium radio-parents, the terbium radioisotopes are produced through directly (p,2pxn) reactions (including complex particle emissions) and decay of simultaneously produced dysprosium radio-products. (Fig. 2) . In case of ALICE-D and EMPIRE-D the agreement with the experiment is much better. To demonstrate the overestimation of TENDL, 0.7*TENDL-2012 results were also presented, which gives a good estimation in shape and value of the new experimental data. nat Ti(p,x) 48 V reaction (Tárkányi et al., 2001 )
Yield
Physical yield (Bonardi, 1987) Monitor target and thickness nat Ti, 10.9 mm Theory ALICE-IPPE (Dityuk et al., 1998) EMPIRE (Herman et al., 2007) TALYS (TENDL 2011 (Koning and Rochman, 2012 The experimental and theoretical cross-sections of the reactions producing 161 Ho (T 1/2 =2.48 h) are shown in Fig. 3 . The theoretical overestimation in all cases is significant. Scaling by a factor 0.7 of the TENDL-2011 results shows a rather good agreement.
3.1.3.
nat Dy(p,xn) 159 Ho reaction
The theory follows both in shape and in magnitude the experimental cross-sections of the 159 Ho (T 1/2 = 33.05 min) in the investigated energy range (Fig. 4) , as far as the TENDL calculations regarded. The ALICE-IPPE and EMPIRE overestimate again.
P nat Dy(p,x) 159 Dy reaction
The cumulative cross-sections of reactions producing 159 Dy (T 1/2 = 144.4 d) contain apart from the direct production, the contribution from the decay of 159 Ho (T 1/2 = 33.05 min) as they were measured after nearly complete decay of the parent isotope. The agreement with the results of the 3 codes is acceptable (Fig. 5) . The TENDL results show that the direct production is negligible, especially below 30 MeV.
3.1.5.
nat Dy(p,x) 157 Dy reaction
The cumulative cross-sections for production of 157 Dy (T 1/2 =8.14 h) were measured after nearly complete decay of the parent 157 Ho (T 1/2 =12.6 min). The theoretical data overestimate the experimental results and here also the TENDL results show that the direct production is negligible (Fig. 6) .
3.1.6.
nat Dy(p,x) 155 Dy reaction
The measured 155 Dy (T 1/2 = 9.9 h) was produced directly and through decay of the 155 Ho (T 1/2 = 48 min) parent radioisotope. The comparison with the TENDL results shows good agreement below 30 MeV (Fig. 7) , and the agreement with the ALICE-IPPE and the EMPIRE results is also good below 25 MeV.
The measured direct cross-sections for production of 161 T b(T 1/2 = 6.89 d) are shown in Fig. 8 . As can be seen in Table 2 and 3, reactions on stable Dy target isotopes with nearly the same abundance can contribute to the production of 161 T b. From systematics it is known that the (p,2p) reaction has mostly lower cross-sections than the (p,2pn) channel. The sharp low energy peak due to 164 Dy(p, p) that can be seen in the TENDL theoretical data is hence questionable and is not reproduced by the experimental values, neither by the EMPIRE nor by ALICE results. It has to be mentioned too that the three codes provide very different results both in shape and in magnitude.
3.1.8. n nat Dy(p,xn) 160 T b reaction Here also a sharp peak is predicted by the TENDL (Fig.  9 ) around 20 MeV, but according to physics expectation, the results of other model codes and to the experiment, no such peak is present in the excitation function of the 160 T b (T 1/2 = 72.3 d) in the investigated energy range. EMPIRE and ALICE describe well the shape but overestimate, respectively underestimate by a factor of two the experimental values.
3.1.9.
nat Dy(p,xn) 156 T b reaction The cross-sections of 156g T b (T 1/2 =5.35 d) were obtained from spectra measured after complete decay of the 2 isomeric states (T 1/2 =5.3 h, IT: 100 % and T 1/2 = 24.4 h, IT: 100 %). In the investigated energy range there is a good resemblance between the data from ALICE the experimental data (Fig. 10) . In this case TENDL-2011 and TENDL-2012 do not present a peaked structure but The measured cross-sections of 155 T b (T 1/2 = 5.32 d) contains the complete contribution from the decay of 155 Dy (T 1/2 = 9.9 h). The theories predict cross-sections close to the experimental data in the investigated energy range (Fig. 11) .
Integral yields
The integral yields calculated from spline fits to our experimental excitation functions are shown in Fig 12 and  Fig. 13 . The integral yields represent so called physical yields i.e. activity instantaneous production rates at 1 µA beam current (Bonardi, 1987) . The only literature value found is for 161 Ho (Stephens, 2010) , which is about 30% lower than our calculated curve. From Fig. 12 . It is seen that the produced radio-isotopes form two groups from the point of view of production yield. The production of holmium radio-isotopes begins at much lower bombarding energies and the production yields are also 3-4 orders of magnitude higher, that's why this figure was plotted with logarithmic scale. In Fig. 13 the terbium radio-isotopes are presented. The most promising is the 
Summary and applications
We present the first experimental cross-sections for the nat Dy(p,x) 162m Ho, 
i(p,n)
48 V monitor reaction measured simultaneously. The experimental data were compared with the results obtained by the TALYS code reported in the TENDL libraries and with the results of ALICE-IPPE and EMPIRE calculations. The theoretical description, even for these proton induced reactions, is disappointing and gives disagreements. While for the (p,xn) reactions, resulting in Ho radionuclides, the predicted shapes are rather well corresponding to the contributions on multiple stable target nuclides, the absolute values are sometimes too high, sometimes too low by 50 to 100% and without a systematic behavior of each code. For formation of Dy, reactions with emission of a proton and decay of parent radionuclides are involved, the agreement between the different codes and the experimental values is better. The discrepancies are probably due to poor description of the parent Ho radionuclides cross-sections as the direct reaction cross-sections are representing less than 10 % of the cumulative production. For Tb radionuclides in some cases the calculated excitation functions are well representing the experimental results but again disagreements in amplitude and non-physical peaks are appearing with no systematic behavior for "good" or "bad" codes. The differences between the two versions of the TENDL libraries are minimal and appear mostly as differences in amplitude of the order of 10% and especially at energies above 30 MeV. The experimental data continue hence to be important for testing the predictivity and improving the performances of the model codes, taking into account that no other experimental activation data are available for these reactions. The experimental results are of importance for several practical applications. Among the investigated reaction products we can mention:
• the radio-lanthanide 161 Ho (T 1/2 =6.9 d) is a promising Auger-electron emitter for internal radiotherapy, (Neves et al., 2005; Rosch, 2007; Stephens, 2010; Stephens and Mendenhall, 2010; Uusijarvi et al., 2006) • The radionuclide 159 Dy (T 1/2 = 144 d, EC =100%) is a pure Auger electron and X-ray emitter and has gained interest in transmission imaging and bone mineral analysis (Nayak and Lahiri, 1999) , while 157 Dy (T 1/2 =8.14 h.) (Lebowitz and Greene, 1971) , was investigated as a bone seekers in the evaluation of bone lesions (Hubner et al., 1977) . (Muller et al., 2012) . From Dy targets the higher mass 155 T b (decay of 155 Dy) and 161 T b can be obtained, but we showed in a recent publication that other production methods are better (Tárkányi et al., 2013b) . Production routes on other elemental targets have to be considered for 149,152 T b.
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